List of
 Tables   Table 1. Test Turbine Configuration 
Background
This test was conducted as part of the U.S. Department of Energy's (DOE) Independent Testing project. This project was established to help reduce the barriers of wind energy expansion by providing independent testing results for small turbines. In total, five turbines are being tested at the National Wind Technology Center (NWTC) as a part of the first round of this project. Duration testing is one of up to five tests that may be performed on the turbines. Other tests include power performance, safety and function, noise, and power quality tests. NWTC testing results provide manufacturers with reports that may be used to meet part of small wind turbine certification requirements.
This duration test report focuses on the Mariah Power Windspire wind turbine.
Test Objective and Requirements
This test was conducted in accordance with Clause 9.4 of the International Electrotechnical Commission's (IEC) standard, Wind turbines -Part 2: Design requirements for small wind turbines, IEC 61400-2 Ed. 2.0:2006-03. This test report refers to these procedures as the "Standard." The objective of this test is to assess the following aspects of the Mariah Power Windspire wind turbine:
• Structural integrity and material degradation
• Quality of environmental protection
• The dynamic behavior.
The wind turbine will pass the duration test when it has achieved reliable operation for:
• 6 months of operation
• 2,500 hours of power production in winds of any velocity
• 250 hours of power production in winds of 1.2V ave (7.2 m/s) and above
• 25 hours of power production in winds of 1.8V ave (10.8 m/s) and above.
Reliable operation means:
• Operational time fraction of at least 90%
• No major failure of the turbine or components in the turbine system
• No significant wear, corrosion, or damage to turbine components
• No significant degradation of produced power at comparable wind speeds.
Based on the parameters defined in the Standard for small wind turbine classes, Mariah Power identified the Windspire to be a class IV. This corresponds to a V ave of 6 m/s.
In addition, NREL has conducted this test in accordance with our quality system procedures such that this report will meet the full requirements of accreditation by A2LA. Our quality system requires that we meet all applicable requirements specified by A2LA and ISO/IEC 17025 or to note any exceptions in the test report.
The test article includes a Windspire wind turbine mounted on a monopole tower. L&E Machine manufactured the turbine in the United States. The inverter was manufactured separately by Technology Driven Products in the United States. The system was installed by the NWTC site operations group with guidance and assistance from Mariah Power.
Description of Test Turbine
The Windspire is a three-bladed vertical axis wind turbine rated at 1 kW output at 11 m/s. The Windspire supplies single-phase, 120 VAC power to the grid through a permanent magnet generator and inverter. The turbine's airfoils are aluminum. Table 1 lists basic turbine configuration and operational data. The test configuration consists of the test turbine, tower, data shed, instrumentation, meteorological tower, associated wiring, data acquisition equipment, and junction boxes. The turbine is installed on a standalone, 3.05-meter tubular tower. The output power from the turbine's inverter, located inside the hub, is 120 VAC, single-phase. The wire run from the base of the turbine to the data shed is approximately 54 meters of #12-2. The wire run then passes through the kilowatt-hour meter, the disconnect switch, and the breaker panel before it connects to the grid. Figure 2 shows the general electrical arrangement.
The following components were considered part of the test turbine system: 
Description of Test Site
The Windspire wind turbine under test is located at Test Site 3.3C of the NWTC (hereafter referred to as the test site), approximately 8 miles south of Boulder, Colorado. The site is located on level terrain at an approximate elevation of 1,846 m above sea level. Figure 3 shows a plot of the test site with topography lines listed in feet above sea level.
The meteorological tower is a 4.3 meter Rohn, 25 G lattice tower located 9.1 m (about 3 equivalent rotor diameters) from the test turbine at an azimuth of 290° true.
For measurements where it is important to accurately measure wind speed, NREL used data obtained when wind direction is between 132° to 323° with respect to true north. In this measurement sector, established in accordance with IEC 61400-12-1, the influence of terrain and obstructions on the anemometer and turbine are small. The closest operating turbine to the test turbine was a Gaia-Wind 11kW turbine located on an 18 meter tower. It is located approximately 51.5 meters from the test turbine at an azimuth of 47° true on site 3.3B. 
Description of Instrumentation
Equipment used for duration testing differs only slightly from that used for power performance testing. Normal power performance requires measurements of wind speed, wind direction, turbine power, air temperature, air pressure, precipitation, and overall turbine system availability. For duration testing, NREL added signals to monitor the turbine brake and the turbine voltage. The brake signal may help identify when the turbine is stopped due to a fault. The turbine voltage signal is used to identify if grid instability or fluctuations in the grid caused the turbine to fault. Figure 4 gives the location of the meteorological tower instruments and Table 2 gives an equipment list that provides the specifications for each of the instruments used. The calibration sheets for the instruments can be found in Appendix A. On September 13, 2008, the turbine experienced an inverter failure. This likely occurred because the parameters in the inverter were set to optimize power performance. This may have led to overheating of the electrical components and eventual failure, see Figure 5 . The turbine was subsequently inoperable until October 7, 2008 when the inverter was replaced. The parameters in this inverter were set for normal power production. Since an inverter failure is considered a major failure by the Standard, the duration test was restarted on October 7, 2008.
On October 14, 2008, Mariah Power requested that the test team stop and/or lower the turbine in winds above 40 mph (approximately 18 m/s) due to a potential problem with the top shaft. NREL complied with this request, but determined that the turbine would not be able to achieve the 90% required operational time fraction. As a result, the second duration test was terminated on October 14, 2008 . Because the turbine operated for only one week between the test restart and termination, those results are not reported here.
Figure 5. Damaged electrical components in the inverter

Hours of Power Production
The hours of power production at any wind speeds: 831 hours(2,500 hours required)
The hours of power production above 1.2*V ave (7.2 m/s): 133 hours(250 hours required)
The hours of power production above 1.8*V ave (10.8 m/s): 12 hours (25 hours required)
The turbine did not meet the requirements for hours of power production during the test. Table 3 shows the overall and month-by-month results of the duration test. 
Operational Time Fraction
The operational time fraction, O, is defined as follows:
T T is the total time period under consideration T N is the time during which the turbine is known to be non-operational T U is the time during which the turbine status is unknown T E is the time which is excluded in the analysis.
The overall operational time fraction of the combined wind turbine system in the total test period was 93.2%. Therefore, the turbine did meet the requirements for the operational time fraction during the test, though the requirements for hours of power production and at least six months of operation were not met. Figure 6 and Table 3 show the operational time fraction per month. Figure 7 shows a power curve of 10 minute average data points collected during the test. The main causes for wind turbine system downtime (T N ) during the test period were a broken washer and weld failures. This downtime is described in more detail below. A timeline of the failures that occurred during testing can be found in Appendix C.
Broken Washer and Loose Nuts
On July 21, 2008, a routine inspection found a broken washer, loose nuts, and movement in the base tower plate. The washer was replaced and the loose nuts were tightened.
Broken Welds
On July 20, 2008, NREL discovered cracks in some of the spot welds that held the airfoils to their end caps. On one airfoil, the cracks had completely separated the airfoil from the end cap, see Figure 8 . On a different airfoil, there were cracks observed in the welding but separation had not taken place. It was also noted that the airfoils had moved in the struts that are meant to hold them in place. This is a possible cause for the broken welds, see Figure 9 . Mariah Power replaced the airfoils and struts on August 7, 2008. The new airfoils were welded to the end caps with a continuous weld instead of spot welds. Additionally, the struts were redesigned to prevent slipping. 
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The main reasons for excluding time (T E ) in the duration test were:
• On site activities that required the turbine to be shut down
• NREL mandated inspections that required the turbine to be shut down
• The original ground fault circuit interrupter that was installed in the power transducer box faulted frequently. It was replaced and the faults ceased
• Grid faults.
If no reliable measurements were available, the time was classified as T U since the turbine's status was unknown. The main reasons for attributing time to T U in the duration test were:
• Irresolvable events
• Data acquisition system or computer updates.
Environmental Conditions
As an indication of the environmental conditions during the duration test, the standard requires reporting of the maximum wind speed gust and the average turbulence intensity at 15 m/s. The maximum recorded gust was 26.9 m/s at 11:24 a.m. on June 12, 2008. The average turbulence intensity at 15 m/s during the duration test was 18.1%.
Power Degradation Checks
A factor of reliable operation is that the turbine should experience no significant power degradation. During the power degradation analysis, the average power level for each wind speed bin is plotted as a function of time over the whole test period. This plot is analyzed for any obvious trends in power production. 
Dynamic Behavior
Turbine operation was observed by NREL personnel for at least 5 minutes at wind speeds of approximately 5 m/s, 10 m/s, 15 m/s, and 20 m/s for a total observation period of at least 1 hour. The following are a few dynamic behavior observations that were made during the test period:
July 21, 2008: The leading edge tape on the turbine is beginning to separate from the blade. There is an unknown vibration and noise that seems to be coming from the foundation. The wind speeds were between 4 and 7 m/s during the observation.
October 29, 2008: The turbine was exhibiting unsteady behavior periodically. There was a noise that seemed to come from the tower approximately three times per revolution. The washers at the foundation base were loose and the bolts and nuts on the foundation had shifted. The wind speeds were between 4 and 9 m/s during the observation.
Tear-Down Inspection
An official tear-down inspection was not performed on the turbine due to early termination of testing. However, when the turbine was uninstalled in January 2009 a couple of observations were made. It was noted that two of the top air foil welds were beginning to break and the struts that held the airfoils in place were beginning to shift again. Additionally, insulation was separating from cables that were attached to the generator, exposing bare wire. 
Uncertainty
Uncertainty is estimated for the following parameters:
• Hours of power production
• Operational time fraction
• Highest instantaneous wind speed
No uncertainty analyses were done within the power degradation results. These results are used only to find relative trends which might indicate hidden faults in the turbine.
Hours of Power Production
NREL assumes that the turbine is producing power for the entire 10-minute period whenever the average power for that period is positive. This method overestimates time for power production in wind speeds between 4 and 6 m/s. At these wind speeds, the turbine may have been producing power for about half of the time recorded by NREL. NREL estimates that the reported time of power production in any wind speed may be 20% less than calculated.
For the hours of power production above 7.2 and 10.8 m/s, the uncertainty in the wind speed is assumed to be the dominant factor. Assuming an uncertainty in wind speed of 0.3 m/s, there is an approximate variation of 8% in the hours of power production at these wind speeds.
Operational Time Fraction
A conservative estimate that the classification of T E and T N are 5% off from the true value would result in an operational time fraction of 92.9% or 93.6%.
Highest Instantaneous Wind Speed
The uncertainties in the wind speed measurements are 0.017 m/s calibration uncertainty, 0.052 m/s + 0.52% operational characteristics, 1% mounting effects, and 2% terrain effects. For the peak recorded, instantaneous gust of 26.9 m/s, the uncertainty is 0.62 m/s.
Deviations and Exceptions
8.1.Deviations from the Standard
The current transformers are not compliant with IEC 60044-1 but do exceed the minimum accuracy required by the standard.
8.2.Deviations from Quality Assurance System
The data acquisition modules were used beyond the calibration due date. The modules were post-test calibrated and found to be in compliance within the specifications. Appendix A includes the post-test calibration sheets. 
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The testing team checked the turbine after it observed possible higher rotational speeds while the turbine was shut off. Measurements that were taken to check for generator continuity were varied when they should have been less than 5 ohms. The team found that two of the three wires from the generator were missing insulation and bare wire was exposed. There was no noticeable difference in resistance when force was applied, whether the generator was connected or not. The turbine was lowered.
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